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ABSTRACT 
Currently in Australia, there remains no proven technology available for recycling of lithium 
ion batteries. The purpose of the research undertaken in this thesis is to provide an outline of 
the current lithium-ion battery-recycling problem whilst taking a closer look into alternative 
hydrometallurgical solutions. Lithium ion batteries have been used in portable handheld 
devices for several decades, but with companies like Tesla venturing into the electric vehicle 
(EV) and grid energy storage market, recycling is becoming more of a necessity in this 
technological evolution. As researched, the majority of consumer portable handheld devices – 
mobile phones – are comprised of the lithium cobalt oxide formulation (LiCoO2) with a 
combination of other metals introduced to enhance various aspects of performance.  
To date many companies across the world have attempted to develop their own-patented 
recycling techniques. Some are solely pyrometallurgical, whilst others, such as the Umicore 
process rely on a combination of techniques. The methodology used was designed in 
conjunction with the Toxco method whereby the battery would undertake a dismantling 
phase, before acid leaching and precipitation and finally into the creation of a new lithium-ion 
battery. 
Optimizing the leaching process was the main aim of this investigation in order to achieve a 
maximum leaching efficiency possible before precipitation. However, with laboratory issues 
and large time delays from ICP-OES testing, the results required were not met. The most 
efficient leaching reagent was that of sulphuric acid combined with sodium metabisulfite with 
an efficiency of roughly 6.5%. The remaining three solutions sulphuric acid, sulphuric acid 
with sodium persulfate and hydrochloric acid achieved efficiencies all under 2.5%. 
These irregularly low efficiencies meant that precipitation was not possible due to the lack of 
cobalt in the solution. As such, a new battery was created using the lithium cobalt oxide 
recovered from the original iPhone battery. Using two ratios 8:1:1 (LCO:Carbon:PVDF) and 
9:1 (LCO:PVDF) the new batteries was assembled and tested. The results suggested that the 
addition of the carbon allowed a more stable electron flow from the cathode to the anode with 
a 74.55 % difference in charge transfer resistance to that of the non-super P cell.  
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This area is one of significant importance for future development and despite technical 
challenges there is a large scope within this field. Future recommendations would be avoid 
using ICP as an analysis method due to the month-long delays making development very 
difficult. Instead, it is recommended that the AAS system is used.  
Furthermore, the acid concentrations must be increased for the experiments to provide an 
indicative indication of acids ability to successfully leach cobalt from the exhausted batteries. 
It is interesting to note that sulphuric acid, being the cheapest, is sufficient in providing the 
best efficiency provided that a reducing agent is added. This reducing agent significantly aids 
the reduction of cobalt oxide in the system enabling larger quantities of leaching.  
Finally, if possible it is recommended that further works be carried out with a full battery 
system, rather than the recovered material. This would resemble practices in closer to real 
world applications. 
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1. INTRODUCTION
1.1. Background
Predictions estimate that by 2020 the global market for lithium-ion (Li-ion) batteries is 
expected to exceed $30 billion (Taiyou Research 2014).  This growth is a result of advancing 
technologies providing higher power and higher capacity cells, hence developing into large-
format applications.  Vying for market adoption, the lithium-ion composition compares 
heavily with that of already established energy storage technologies, such as lead acid, in 
many of these applications (Taiyou Research 2014). In the current era, lithium-ion batteries 
are typically used in portable handheld electronic devices such as mobile phones and laptop 
PC’s. However, striving forward, development into automotive products such as electric 
vehicles and large-scale storage technologies are promising.  
Many of the issues plaguing lithium-ion systems can be attributed to the lack of reusable 
components once the batteries have been completely exhausted. Over the last decade the 
recycling problem has been under question, sparking comprehensive research with an 
emphasis on the precious metals within the battery’s cathode. With an effective and efficient 
method still not prominent and the market expanding at such a large rate further investigation 
must be provided. Therefore, the progression of recycling technologies for exhausted lithium-
ion batteries has attracted considerable attention, both environmentally and economically 
(Chen, et al. 2011). From the limited investigations conducted into the recycling of the 
cathode metal, the main concentration has been given to methods such as leaching, 
bioleaching and solvent extraction. Many companies have been able to develop various pyro 
and hydrometallurgical process, however none have successfully been able to solve the 
recycling problem. 
1.2. Scope 
The following thesis will investigate the following aspects of lithium-ion battery recycling as 
seen in Table 1. 
Blake Dykes - 
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Table 1 Scope requirements 
IN SCOPE OUT OF SCOPE 
Investigate the leaching processes of precious 
cathode metals using various reagents 
Investigate various different dismantling 
methods 
Investigating the precipitation method for 
the most suitable solution 
Investigating how to improve the new cell 
Dismantling of phones to remove batteries Disposal of the phone casings 
Calculating the efficiency of each leaching 
technique 
Evaluate the ability of the recycled material in 
a new cell 
1.3. Aim and Objectives 
The objective of this thesis is to successfully determine a safe and efficient solution to the 
recycling of spent lithium-ion batteries. The recycling process will aim to effectively remove 
as much of the precious metals from the spent batteries in a bit to reuse it in a new cell to test 
the efficiency. Investigating the following will complete this:  
• Finding the most suitable leaching reagent possible to successfully remove the
maximum percentage of the precious metals;
• Analyse and determine the most appropriate (effective and efficient) method of solid-
liquid extraction for precipitation possible; and
• Produce a new operational battery cell with the recycled precious metals from the
spent lithium-ion battery.
Blake Dykes - 
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2. LITERATURE REVIEW
2.1. Lithium-ion Batteries
Lithium batteries are a collection of galvanic cells designed to be proficient sources of 
electrical power (Oldham, Myland and Bond 2012).  As secondary cells – also known as 
storage cells or accumulators – lithium batteries can operate electrolytically, hence being 
rechargeable. Although rechargeable, lithium cells have a finite cycle life, along with a 
limited shelf life; in which their practical life gradually deteriorates, even when not being 
used. This is one of the major drawbacks with lithium-ion batteries, as its performance begins 
to deteriorate right from the completion of manufacturing (Oldham, Myland and Bond 2012). 
Due to their high discharge voltage, high energy density and the increasingly efficient cycle 
life, lithium-ion batteries are fast becoming the most important member of the rechargeable 
family (Heelan, et al. 2016). Used for a wide variety of applications, from portable consumer 
electronics to electric vehicles, each application requires this robust secondary battery to be 
packed into numerous shapes and sizes.  
Initially, lithium batteries used lithium metals as the anode material however over time these 
were phased out with lithium-ions being the preferred option. Lithium-ion batteries rely on 
four main components; the cathode, anode, electrolyte and the separator. These terms are 
ambiguous for secondary batteries as, what is, the anode during charging conversely becomes 
the cathode upon discharge, even neutral when idle. Hence, each electrode is typically 
represented as either positive or negative. During discharge, a lithium-ion battery comprised 
of a positive electrode (cathode), uses lithium cobalt oxide (LiCoO2) as the active material 
intercalated by lithium ions, with the negative electrode (anode) being graphite/carbon 
(Zhang, et al. 1998). Intercalation is the act whereby small cations force their way into the 
crystal lattice of its host. However, it also requires an inflow of electrons hence changing the 
oxidation state of the host (Oldham, Myland and Bond 2012). Equations 1 and 2 describe the 
reactions of each electrode; charging taking place in the forward direction with discharge 
being in the reverse. 
The cathodic reaction: 6C + Li+ + e-  ⇄  C6Li  (1) 
The anodic reaction: LiCoO2  ⇄  CoO2 + Li+ + e-  (2) 
Blake Dykes - 
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Fig. 1, represents the charging and discharging phases as per Equations 1 and 2. Due to the 
consistent changes in oxidation state it is important to ensure safety whilst preserving 
balanced operations. Therefore, lithium-ion batteries must maintain a specified voltage range 
of 2.8 - 4.2V, warranting that temperatures exceeding 30℃ are avoided and pressure relief is 
given when necessary (Battery University 2017). This means for safe recharging, special 
circuitry accompanying the battery, will open at lower voltages providing constant current 
until 4.0V, with constant voltage provided thereafter (Oldham, Myland and Bond 2012). 
2.1.1. Cathode 
Lithium-ion batteries refer to a large group of the secondary battery family, all with varying 
cathode compositions delivering varying battery properties. These properties, dependent on 
the cathode material include the specific energy, specific power, safety, durability, charging 
ability and cost. A compound transition metal – typically LiCoO2 for mobile phones – is 
pasted onto an aluminum foil providing the active cathode material. This cathode de-
intercalates lithium-ions during charging from their crystalline structure (Heelan, et al. 2016). 
Fig. 2 displays the various compounds used in lithium-ion batteries and the best application 
for each.  
Figure 1 Graphical representation of lithium-ion system  (Electrek 2016) 
Blake Dykes - 
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2.1.2. Battery Chemistries 
As seen in Fig. 2, the most common types of lithium-ion batteries are as follows: 
• Lithium cobalt oxide (LCO);
• Lithium manganese oxide (LMO);
• Lithium nickel manganese cobalt oxide (NMC); and
• Lithium nickel cobalt aluminium oxide (NCA).
Each composition provides the battery with a unique set of properties, allowing for a range of 
opportunities, from mobile phones to electric vehicles. Table 2 provides a more in-depth 
analysis to the suitable applications for each composition. 
Figure 2. Examples of lithium-ion battery usages (Electrek 2016) 
Blake Dykes - 
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Table 2. Lithium-ion battery compositions and applications 
Name Battery 
Material 
Applications Advantages Disadvantages 
Lithium Nickel 
Cobalt 
Aluminium 
Oxide (NCA) 
LiNiCoAlO2 
Good for electric powertrains and 
electric grid storage 
High specific energy 
Good specific power 
Long life span 
Marginal safety 
High cost 
Lithium 
Cobalt Oxide 
(LCO) 
LiCoO2 ~ 60% 
Co 
Perfect for laptops, PC’s mobile 
phones, tablets, cameras and other 
handheld electronic devices 
High specific energy 
High capacity 
Relatively short life span 
Low thermal stability 
Limited load capabilities 
(specific power) 
Requires frequent charging 
Lithium 
Manganese 
Oxide (LMO) 
LiMn2O4 
Good for electric vehicles (EVs), 
medical equipment, power tools 
and e-bikes 
High thermal stability 
Improved current handling 
Enhanced safety 
Lower internal resistance – 
fast charging 
Less capacity 
Limited cycle and calendar 
life 
Lithium Nickel 
Manganese 
Cobalt Oxide 
(NMC) 
LiNiMnCoO2 
Battery of choice for power tools 
and other electric powertrains 
Economical 
Excels in specific energy 
Lowest self-heating rate 
Longer life cycle 
Can only have either high 
specific energy or high 
specific power 
Source: (Battery University 2017)
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Table 3 provides an analysis of each composition further outlining the specific properties they 
hold due to the layered oxide material.  
Table 3. Negative electrode materials and the respective properties 
Negative 
Electrode 
Material 
Cell Voltage - 
Nominal (V) 
Specific 
Energy 
(W h/kg) 
Charge 
(C-rate) 
Discharge 
(C-rate) 
Cycle Life 
LiCoO2 ~ 
60% Co 
3.6 150-200 0.7-1.0 1.0 500-1000
LiMn2O4 3.7 100-150 0.7-1.0 1.0 300-700
LiNiMnCoO2 3.7 150-220 0.7-1.0 1.0 1000-2000 
LiNiCoAlO2 3.6 200-260 0.7 1.0 500 
Source: (Battery University 2017) 
2.1.3. Anode 
The anode, typically carbon, is referred to as the negative electrode during discharging – 
whilst the battery is being used. A graphite paste is often bonded to a copper foil to produce 
the active anode material (Elwert, Romer and Sutter 2015). Graphite is selected for its low 
interaction potential and the high specific energy (Heelan, et al. 2016). Equation 1 shows the 
reactions undertaken by the anode with a reduction in the forward direction and oxidation in 
the reverse.  
2.1.4. Separator 
The separator in a lithium-ion battery is a porous polyolefin membrane, which allows lithium-
ions to transmit through the pores, preventing a short circuit via contact between electrodes 
(Chagnes and Pospiech 2013). It also provides an ionic conduction path for the liquid 
electrolyte. This membrane is used due to its increased performance and safety over other 
alternatives, not to mention the reduced costs. 
Blake Dykes - 
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2.1.5. Electrolyte 
Commercially, the majority of lithium-ion systems incorporate high-grade lithium salts, such 
as lithium hexafluorophosphate (LiPF6) or lithium tetrafluoroborate (LiBF4), which are 
dissolved into dipolar aprotic organic solvents forming the electrolyte (Chagnes and Pospiech 
2013). These solvents, characteristically with low reactivity and high polarity, are often 
carbonates or lactones. Typically, modern lithium-ion batteries use a mixture of alkyl 
carbonates, such as ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl 
carbonate (DC) (Heelan, et al. 2016). This solution is then introduced either through a 
polymer gel or into a porous separator, as described in section 2.1.4. Today’s lithium-ion 
batteries almost exclusively use LiPF6 due to its high conductivity and non-corrosive 
relationship with the current collectors, however sometimes it can be thermally and 
hydrolytically unstable. 
2.2. Need for Recycling 
The attraction of recycling spent lithium-ion batteries provides some interesting economic, 
environmental and geopolitical stances. With the future of energy storage in conversation it is 
important to understand the costs and benefits of recycling. What then differentiates each 
country is how well prepared they are in providing a secure, reliable and affordable electricity 
recycling system (Finkel, et al. 2016). 
Economically, recycling lithium-ion batteries heavily depends on the metal market price of 
the cathode, along with the electrode technology used (Chagnes and Pospiech 2013). With 
lithium-ion batteries expanding into the electric vehicle field, the demand for these precious 
metals increase. Moving forward, standard electric vehicles will require a minimum of 81.4kg 
of cobalt, per battery, and with prices currently at US$ 90,500 per ton a need for recycling is 
evident (LME 2018, Chagnes and Pospiech 2013). Along with this, cobalt as of 2014 is 
directly incorporated in over 75% of lithium-ion battery compositions worldwide seen in 
Table 4. 
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Table 4. World market size of different cathode materials 
Year LiNiMnCoO2 LiCoO2 LiMn2O4 LiNiCoAlO2 LiFePO4 
2014 31.0% 39.8% 15.9% 4.5% 8.8% 
Source: (Heelan, et al. 2016) 
The global cobalt market is considered relatively small (112,000 tons in 2014), with over 50% 
of the mine production originating in the Democratic Republic of Congo (DRC) (European 
Commission 2014). Although no cobalt shortages are expected within the next 2-5 years, the 
DRC is politically unstable; hence the supply of cobalt is considered to be a major risk due to 
its economic importance. Fig. 3, displaying results from the EU raw materials criticality 
assessment, show that cobalt is within the criticality zone – the red shaded area in upper right 
(European Commission 2014). Therefore, the conflict and volatility of governments in these 
territories can significantly affect the supply, in turn potentially manipulating the price of 
future lithium-ion batteries.    
Compared with the more precious metals, cobalt and nickel, recycling lithium does not make 
economic sense. This is due to the existing electronic devices only containing a relatively 
small fraction of lithium carbonate, however as the demand for batteries increase the 
magnitude and quality may become more important in the future. Fig. X, taken from a waste 
lithium-ion battery projection, suggests that within the next 15-20 years the average waste 
will increase at a rate of 20 % per year, best case. These projections are based off handheld 
Figure 3. Raw materials criticality assessment (Elwert, Romer and Sutter 2015) 
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devices as well as electric vehicles and electricity grid storage, as seen in Adelaide by Tesla 
Group. The best case depicted as the red line in Fig. 4 is based on the scenario most likely to occur hence highlighting even further the need to develop a suitable recycling technique.  
Environmentally, lithium-ion batteries represent a substantial hazardous risk as they can 
contain reactive materials, along with organic and inorganic compounds. From a health 
standpoint compounds such as cobalt, are classified as carcinogenic, mutagenic and toxic to 
reproduction (CMR) (Chagnes and Pospiech 2013). They have the ability to explode at high 
temperatures and even pollute the environment.  Currently, laws and regulations governing 
the safe disposal and recycling of electronic devices – such as phones, laptops and tablets – 
vary between countries. Australia have very limited government regulations pertaining to 
recycling, whilst European nations have developed more stringent protocols for the disposal 
of rechargeable batteries. Hence, for the sake of sustainability and safety, governments may 
impose an obligation to recycle lithium-ion batteries, even if recycling does not prove 
adequately attractive economically.  
Figure 4 Future waste projections for lithium ion batteries (Randell 2016) 
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Financial and environmental motivation provide us with very adept incentives as to the 
attractiveness of finding a solution to the lithium-ion battery recycling, not only in Australia 
but also worldwide.  
2.3. Current Recycling Methods 
Currently there are only a few solely hydrometallurgical recycling processes available for 
lithium-ion batteries due to the extensiveness of pretreatment. As such, pyrometallurgical 
processes were preferred in the past. Some of the largest pyro and hydrometallurgical process 
include the Umicore, Toxco and Recupyl methods. Each process is described in extensive 
detail with the intension to provide a sufficient estimation for the experimental procedure 
outlined in section 3. 
2.3.1. Umicore Method 
The Umicore process is a combined pyro and hydrometallurgical recycling process dedicated 
to Li-ion and Nickel–metal hydride (NiMH) batteries. As a producer of the cathode material 
in lithium-ion batteries, Umicore’s recycling process looks to provide a closed-loop system of 
cobalt and nickel.  
It uses a patented Isa Smelt furnace technology that requires no initial pretreatment. The 
furnace incorporates a top submerged lance whereby the batteries, combined with limestone, 
coke and slag formers, are fed. Air is delivered into the base of the furnace at a temperature of 
500 °C. It is then divided into three temperature zones: 
• The pre-heating zone;
• The plastic pyrolysing zone; and
• The smelting zone.
The top of the furnace is the pre-heating zone where the temperature is maintained below 300 
°C (Saloojee and Lloyd 2015). This zone ensures evaporation of the electrolytes. Risks of 
explosions are reduced significantly through the slow heating of the unwanted product and the 
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process is completed from the gases from the hotter zones below transitioning through the 
furnace. 
The plastic pyrolysing zone occupies the middle of the furnace, with temperatures kept 
around 700 ˚C (Saloojee and Lloyd 2015). Here the plastic is removed from the batteries. As a 
result of this exothermic reaction the energy released upwards heats the pre-heating zone as 
mentioned previously. 
Finally, the bottom of the furnace is known as the smelting zone. This one is pre-heated via 
oxygen–enriched air being injected at temperatures between 1200 – 1450 °C (Saloojee and 
Lloyd 2015). In this zone the remaining material is separated into an alloy phase and a slag. 
The alloy contains copper, cobalt, nickel and some iron whilst the slag consists of lithium 
oxide, and other metal oxides. The alloy phase is then put through to the hydrometallurgical 
process with the remaining slag formed into concrete and sold (Saloojee and Lloyd 2015).  
Metals such as aluminium and lithium are lost, whilst the alloy metals; copper, cobalt, nickel, 
and iron are recovered by dissolution and precipitation (Georgi-Maschler, et al. 2012). Then, 
as seen in Fig. 45 the cobalt and nickel products are produced into, LiCoO2 and Nickel 
Hydroxide (Ni(OH)2), respectively.  
Figure 5. Umicore recycling process (Yazicioglu and Tytgat 2011) 
Blake Dykes - 
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2.3.2. Toxco Method 
Originally, Toxco’s hydrometallurgical process was established to safely recycle spent 
primary lithium batteries (Georgi-Maschler, et al. 2012). Nowadays, the facility has the ability 
to process secondary lithium batteries, including lithium-ion batteries. The method the 
company has produced requires the batteries to be treated through a patented cryogenic 
process, whereby batteries are cooled to temperatures of -175 ℃ to -195 ℃ (Saloojee and 
Lloyd 2015). Temperatures of this magnitude are used due to lithium’s highly reactive state at 
room temperature whilst almost inert cryogenically. These low temperatures also cause the 
plastic casing to become brittle, rendering them easily broken. 
Once appropriately treated, the batteries are shredded and sent to a hammer mill before the 
relevant materials are separated, forming three types of materials; metal solids, metal-
enriched liquid and the plastic fluff (Retriev Technologies 2017). The batteries are milled in 
lithium brine, in which the lithium dissolves with several salts forming lithium chloride (LiCl) 
(Saloojee and Lloyd 2015).   
The next step in this process, as per Fig. 6, is the separation of the fluff using a shaker table. 
Fluff is the undissolved product from the hammer mill with the remaining solution 
comprising of carbon and mixed metal oxides. These fluff by-products produce plastics and 
stainless steels, along with copper-cobalt by-products, of which are packaged and sold. The 
lithium solution then enters a holding tank, before being filtered through a carbon filter press 
producing a cake of metal oxides. If necessary, lithium hydroxide (LiOH) is used to maintain 
a pH of 10.  
Following on from the separation process the remaining solution is pumped into the 
dewatering tanks. The water is evaporated from the solution, therefore increasing the 
concentration of lithium salts until precipitation (Saloojee and Lloyd 2015). From here, the 
remaining liquid is pushed through the filter press and fed into a refinement process. Then a 
sulphuric acid solution is added, giving dissolution of metal salts. A precipitation of LiOH 
occurs as the Li+ ions travel through the filter membrane before being combined with carbon 
dioxide (CO2). This final product of lithium carbonate (Li2CO3) is filtered, washed and 
packaged with the remaining solution carefully disposed of (Saloojee and Lloyd 2015). 
Blake Dykes - 
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2.3.3. Recupyl Method 
Initially developed in France by Recupyl SA this process is able to successfully recycle both 
primary and secondary lithium batteries through a combination of physical and chemical 
procedures. This hydrometallurgical process is undertaken with hydrolysis, leaching and 
precipitation recovering lithium as a lithium carbonate and then cobalt via a cobalt hydroxide 
(Saloojee and Lloyd 2015).  
The two-step crushing process commences in a rotary shredder operating in atmospheric 
conditions of carbon dioxide and 10-35 % argon gas (Tedjar and Foudraz 2010). This is to 
stabilize the elemental lithium by forming lithium carbonate (Li2CO3). The batteries then 
undertake a physical separation process with some of the off-gas from the crushing step fed 
into the lithium precipitation step and the remaining creating an inert atmosphere above the 
hydrolysis reaction (Saloojee and Lloyd 2015).  
The separation process is carried out via screening, magnetic separation and densimetric 
separation. Vibrating screens of 3 mm and 500 𝜇𝜇𝜇𝜇 are used in order to separate various 
elements of the battery. The screens are used to separate the elements into fractions with the 
3mm screen initially separating the metal oxides and carbons. Once through this screen a 500 
𝜇𝜇𝜇𝜇 screen is used, with the cobalt and lithium in the -500 𝜇𝜇𝜇𝜇 fraction, whilst the +500 𝜇𝜇𝜇𝜇 
fraction is rich in copper (Tedjar and Foudraz 2010). This separation process is where the 
Figure 6 Flow diagram of Toxco recycling process (Saloojee and Lloyd 
2015)
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Recupyl method differs from others as the cobalt fraction is passed into the 
hydrometallurgical treatments, whilst other fractions like the copper fraction are recycled and 
sold. Finally the +3 mm fraction undergoes magnetic separation with the magnetic fraction 
usually containing the battery’s casing and various other heavy metals. A densimetric table is 
then used to separate the non-magnetic fraction – usually paper and plastics. 
The material sent from the physical separation process is then treated by hydrolysis with a 
lithium hydroxide solution added to achieve a pH of 12-13 (Tedjar and Foudraz 2010). The 
hydrolysis reaction causes the electrodes to dissolve producing a lithium salt whilst the inert 
gas, from the crushing step, is used to expel the generated hydrogen gas. With the lithium 
dissolved the remaining solids are vacuum filtered pushing the lithium solution into the 
precipitation step.  
The remaining off-gas is used to precipitate out lithium from the alkaline solution as lithium 
carbonate. However, precipitation only occurs at pH levels around 9, thus acid is added to 
reduce. The final precipitate is washed and then dried at roughly 105 °C (Tedjar and Foudraz 
2010). Sulphuric acid is then used at a pH of 3 to leach the filtered solid from the hydrolysis 
process. This is undertaken at 80 °C dissolving all of the remaining metal oxides, hence 
leaving a carbon residue.  
Prior to cobalt precipitation the leached solution is filtered and purified whereby the inclusion 
of steel shots eliminates the copper. The pH is increased to 3.85 using Soda to precipitate out 
the remaining iron. The residual cobalt is either recovered by electrolysis or by precipitation 
with sodium hypochlorite to form cobaltic hydroxide (Co(OH)3). Finally, the remaining 
solution, usually containing lithium is sent back through the lithium precipitation process.  
2.4. Current Leaching Techniques 
Currently, the most efficient recycling methods use a combination of pyro and 
hydrometallurgical processes. Typically, hydrometallurgical techniques are preferred and 
involve the use of aqueous solutions to leach metals from the respective ores. 
Pyrometallurgical processes, on the other hand, require a rather large input of energy to 
maintain high temperatures whereby chemical reactions are undertaken in gaseous and solid 
states.  
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Generally, LiCoO2 batteries begin a hydrometallurgical process recovering cobalt via 
leaching, solvent extraction and precipitation (Chagnes and Pospiech 2013). As the chemical 
bonds existing between cobalt and oxygen are extremely strong, LiCoO2 is difficult to leach. 
Many studies have shown that inorganic acids such as sulphuric (H2SO4), hydrochloric (HCl) 
and nitric acid (HNO3) are most commonly used during leaching for lithium batteries. Table 5 
provides a summary of some of the more effective leaching reagents currently tested in the 
market. These solutions are used at varying temperatures to effectively activate the reagents.  
Table 5 Leaching Efficiencies of Several Tested Acidic Solutions 
Leaching Reagent Temperature (°C) Efficiency (%) 
2mol L−1 H2SO4 80 Co > 99 
Li > 99 
3mol L−1 H2SO4 70 Co = 98 
Li = 98 
2mol L−1 H2SO4 + 2 vol% H2O2 60 Co ≈ 96 
Li ≈ 88 
2 g H2SO4 per g solid + 50% glucose as reducing agent 90 Co ≈ 100 
Li ≈ 100 
4mol L−1 HCl 80 Co ≈ 100 
Li ≈ 100 
2mol L−1 HNO3 80 Co = 100 
Mn = 95 
1mol L−1 HNO3 + 1.0 vol% H2O2 80 Co ≈ 100 
Li ≈ 100 
Source: (Chagnes and Pospiech 2013) 
Based from Table 5, an increase in the concentration tends to increase efficiency. Note these 
are not the only factors present in changing the efficiency of leaching reagents. Increases and 
decreases in temperature influence the leaching process, evident when the concentration of 
H2SO4 is increased from 2 mol/L to 3 mol/L whilst the temperature is lowered by 10 °C. 
Seemingly, increasing the concentration should therefore increase the efficiency however it is 
reduced. Data like this can be explained by the collision theory of reaction rates and the 
energy of collisions – activation energy.  
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Collision theory of reaction rates states that two species can react if and only if they make 
contact with one another (Clark 2013). However, the theory suggests that not all collisions 
will react as it is heavily dependent on the orientation of the collision and its energy. For 
compounds such as lithium cobalt oxide, the cobalt and the oxygen possess an extremely tight 
bond hence they undergo reactions at high energies. This means that although increasing the 
concentration of the acid will increase the chance of particle collision due to the sheer 
numbers an energy reduction, caused by temperature reduction, can halt the process. It is 
important to realize that even if you increase the concentration of an acidic solution no effect 
may be visible. This may be down to the use of a small quantity of solid catalyst. If there are 
too many particles present, that is able to react with the solid, then increasing the 
concentration becomes ineffective as potentially seen in the sulphuric acid case. As such it is 
important to determine a suitable acid:solid ratio.  
2.5. Current Analysis Techniques 
2.5.1. Scanning Electron Microscopy / Energy Dispersive X-Ray 
Spectroscopy (SEM-EDS) 
Put simply, the Scanning Electron Microscopy - Energy Dispersive X-Ray Spectroscopy 
(SEM-EDS) is a high-energy electron microscope that allows samples to be examined at high 
magnifications and analyses specific elements within the sample. 
The SEM images produced at these magnifications are of the highest resolution and provide a 
detailed depth field unachievable with traditional optical microscopes (NTS 2018). Specifics 
such as the surface structure, contamination areas and various anomalies can be pinpointed by 
these images and investigated with higher degrees of accuracy. This analysis enables an initial 
estimation of the elements involved as well as identifying target areas for the acid leaching.  
The Specimen, primed for examination, is fastened inside a vacuum chamber positioned at the 
bottom of the SEM, as seen in Fig. 7, providing focus and ensuring no external particle 
interactions. The electron source, located directly above the specimen, shoots electrons down 
striking the sample. These electrons are guided perfectly using magnets within the SEM, 
allowing the beam to scan across the sample (NTS 2018). As such, a portion of the electrons 
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are absorbed by the specimen with the remaining secondary electrons reflecting up into the 
SEM column.  
Typically, specialized detectors receive the reflected electrons and process the signal into a 
decipherable function providing useable information –an image established from the 
topography of the surface. The most commonly used detectors by the SEM are the Secondary 
Electron Detector (SED) and the Backscattered Electron (BSE) Detector (Polymer Solutions 
2017). The SED’s main function is to observe the specimen’s surface structure, converting 
these reflected electrons into the image displayed on the monitor. As such these images 
captured for EDS analysis and appear only in grayscale due to the electrons detected being 
beyond the light spectrum (NTS 2018). Similarly to the SED, the BSE detector relies on the 
electrons reflecting from the specimen and displays an image on the monitor. However, the 
images appearing in grayscale is a direct result of the elements present. Elements with lower 
atomic numbers, like carbon (C), appear darker than those with higher atomic numbers as 
they absorb less electrons from the initial beam. 
The EDS operates using an X-ray detector to qualitatively and at times “semi-quantitatively” 
determine the elemental composition of a specimen, initially identified and observed using the 
secondary electron and backscatter detectors (NTS 2018). Similarly to the SEM, as an 
electron beam strikes the specimen surface the initial electrons within the atoms are elevated 
to an excitation state, causing an inner shell electron to be ejected. As the atom electrons 
Figure 7 Inside the SEM-EDS vacuum 
chamber 
MECH4501 – Engineering Thesis Final Report 19 
Blake Dykes - 
return to their ground state, the beam displaces an inner shell electron with an outer shell 
electron. The difference in energy between the higher-energy shell and lower-energy shell 
emits a characteristic x-ray. The x-rays are collected by the detector and transformed into 
practical information due to the fact that each element has its own unique atomic structure, 
with a corresponding electromagnetic emission identifying it on the spectrum.   
Although the EDS can allow elemental analysis, there is still some limitation to the scope of 
elements identified. The x-ray technique is only able to detect elements ranging from Carbon 
(C) to Uranium (U) with compositions as low as 1 wt% due to the EDS being equipped with a 
Be window (Goodge 2017).  Generally, detecting the lighter elements rely heavily on the 
instrument and operating conditions however some thin polymer-based windows allow this.
2.5.2. ICP Testing 
Inductive Coupled Plasma (ICP) is a widely recognized technique for providing bulk 
elemental composition in a sample through the use of plasma and a spectrometer (Krosse and 
van der Ven 2018). A wide variety of samples can be analysed including powders, solids, 
liquid and suspensions. Generally solid and powder samples are dissolved in any variety of 
acids within a close microwave style system, hence producing possibly volatile analyte 
species (EAG Laboratories 2018). 
An ICP-OES (Inductively coupled plasma - Optical emission spectrometry), much like the 
one present at the University of Queensland, is composed of two major parts: the ICP and the 
optical emission spectrometer. The output coil of a radio frequency (RF) generator encases 3 
concentric quartz glass tubes known as the ‘torch’. This quartz torch, typically fed with argon 
gas, produces plasma through a cooled conduction coil resulting in an intense electromagnetic 
field, accelerating electrons in a circular trajectory (Krosse and van der Ven 2018). The 
collision of these electrons and the argon atoms produce plasma through a process known as 
ionization. As the plasma enters the induction zone, temperatures of up to 9000 K can be 
reached, whereby the nebulized solution is vaporized (EAG Laboratories 2018). As a result 
the atomization and ionization of the samples take place, before reaching a higher thermal 
excitation state. The optical emission spectrometer (OES) detects the radiation emitted as 
electrons drop to the steady state. This element specific wavelength can be adapted into a 
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calibration, determining each elemental concentration. This process proves extremely 
resourceful in identifying the quantity of various elements under investigation. 
2.6.  Conclusion 
With a large variety of lithium-ion batteries flooding the market it is important to develop a 
flexible and effective recycling technique. Lithium-ion batteries have vastly dominated the 
portable electronic market for decades, however large expansion into electric vehicles is 
imminent, if not already present. Along with this is the leap into grid energy storage systems 
as seen by Telsa’s aid in the revolutionary project underway in South Australia providing 
residents the ability to gather and store energy. Large scale projects like these require copious 
amounts of cathodic metals, amplifying potential future waste, hence requiring the need to 
develop an appropriate recycling solution.  
Currently, with limited focus, various companies have begun to develop and patent their own 
recycling processes. Pyro and hydrometallurgical process are seen as the ideal solution with a 
staple set-up of pretreatment, leaching and solvent extraction. Due to the extreme 
temperatures involved in pyrometallurgy, methods such as the Toxco and Recupyl are 
preferred to that created by Umicore. Incorporating techniques and processes from both, a 
suitable small-scale method was designed to recycle the cobalt from iPhone batteries.  
With acid leaching pivotal to the hydrometallurgical process, it highlights the importance of 
determining an efficient and effective leachant. Due to inexpensive costs as well as 
accessibility, sulphuric and hydrochloric acid are the most suitable solutions. Various 
concentrations, as well as the addition of oxidizing and reducing agents should be 
investigated.  
Determining the efficiencies of each leaching reagent present is a key factor in fine tuning the 
recycling process. It is important that quick, reliable qualitative data is gathered to highlight 
the elements present in the batteries. As such, analysis tools like the SEM-EDS can provide 
this. However, for elemental compositions displaying specific weight percentages, an ICP-
OES analysis is required. This testing format allows for exact quantitative compositions to be 
determine for accurate efficiency results. 
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3. METHODOLOGY
This project aims to recycle an exhausted lithium-ion battery from an iPhone in an effective 
and efficient manner. Various leaching techniques are employed to extract maximum amount 
of cobalt before undertaking a precipitation procedure to finally form a new lithium-ion 
battery. The details of these procedures are summarized below. 
3.1. Battery Dismantling 
An array of old phones was collected ranging from Nokia’s to Apple iPhones. From this set, 8 
iPhones - ranging from the iPhone 3’s to iPhone 6’s - were chosen assuming the battery 
chemistry of each would remain constant. To remove each battery the glass screen was 
levered off, using a screwdriver, exposing the remaining phone circuitry. With the battery 
removed, the casing was removed to expose the positive and negative electrodes along with 
the lithium salts and separator. The battery, seen in Fig. 8, was tested using a voltmeter to 
determine the state of charge. The remaining glass and phone was collected and disposed of 
appropriately.  
Figure 8 Exposing the battery and circuitry 
(B)
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Once safely identified, the battery was carefully taken apart in a fume hood by first removing 
the plastic outer layer, seen in Fig. 8.  With the battery foils exposed and unwound each layer 
was laid out as they were peeled from the battery.  
3.2. Battery Identification 
With several iPhone batteries completely unwrapped small samples were cut from each of the 
foils and separators for analysis under the Scanning Electron Microscopy - Energy Dispersive 
X-Ray Spectroscopy (SEM-EDS).  Using the SEM images, surfaces structures were analysed
to help determine the elemental composition of each sample before applying the EDS in order
to qualitatively pinpoint each element present. With each foil and separator accurately
identified with the correct elemental paste, the process of removing the paste was undertaken.
Two of the batteries were chosen at random and material from the aluminium foil, top
separator and copper foil were carefully separated. The samples were placed into respective
vials depending on the pre-determined LCO or graphite layer. Roughly 7 grams, in total, of
each material was removed from the batteries before being sent to the ICP testing facility to
determine the exact elemental composition of the pastes.
3.3. Acid Leaching 
The remaining material, after ICP testing, was used to prepare 4 vials each containing 500 mg 
of the recovered LCO material along with 4 vials containing a single panel of the top 
separator. Each panel was weighed before the leaching process commenced. The vials then 
had one of the following leaching agents added, seen in Fig. 9: 
i. Sulphuric Acid - H2SO4
ii. Sulphuric Acid + Sodium Metabisulphite (reducing agent) - H2SO4 + Na2S2O5
(SMBS)
iii. Sulphuric Acid + Sodium Persulphate (oxidizing agent) H2SO4 + Na2S2O8
(SPDS)
iv. Hydrochloric Acid (HCl)
A strong H2SO4 solution was diluted in water using an acid:water volume ratio of 0.5:50. For 
the solutions with a reducing and oxidizing agent, 1g of each agent was added to the 
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respective vials. Similarly, the final HCl solution was diluted with an acid:water volume ratio 
of 1.5:50. 
Using an automatic pipette, 1 mL of both the H2SO4 and HCl solution was removed from the 
conical flasks seen in Fig. 9 and placed into separate test tubes to be used as the base 
comparison for the ICP testing. For further comparison the pH levels of each acid were 
recorded. The remaining 49 mL acid solutions were added to the vials containing the 
powdered and panel samples. Observations of the initial reactions were taken to highlight any 
abnormalities or incidents occurring. Each vial was then placed horizontally in the shaker 
table/bottle roller and securely fastened. With the temperature set at 50 °C for 2 hours, the 
speed was fixed at 150 RPM seen in Fig. 10. 
Figure 9 The four acid solutions set up left to right 
Figure 10. Shaker Table used during the acid leaching 
process noting a temperature of 50 °C at 150 RPM
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Observations were recorded at 1 hour and 1.5 hours into the leaching time. Once the 2 hours 
was complete, the vials were removed from the shaker table and allowed to cool before 
vacuum filtration.  
3.4. Vacuum Filtration 
The vacuum filtration system was erected as per Fig. 11 using a GC-50 Glass Fiber Filter to 
separate the remaining solid from the acidic solution. The solution administered from each 
vial into a separate filter set up, ensuring all the solid was removed. With each vial emptied 
the remaining solid solution was placed back into the vial with the liquid being placed into a 
separate vial. Using the automatic pipette a 1 mL sample was taken from each vial and placed 
into respective test tubes, for ICP testing. With filtration complete the liquid solution was then 
tested to determine the respective pH level and oxidation-reduction potential (ORP).  
With the filtration process complete the filters were left to dry. SEM-EDS was used to 
investigate the elemental composition of the remaining material from a qualitative perspective 
as ICP testing provided specific elemental weighting.   
Figure 11 Vacuum filtration set up 
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3.5. Battery Assembly 
Using the existing lithium cobalt oxide gathered from the battery in the dismantling process, a 
new battery is formed. To test the LCO two batteries were made with the first containing a 
LCO:Carbon:PVDF ratio of 8:1:1 whilst the second had a LCO:PVDF ratio of 9:1. Using 
400mg of the lithium cobalt oxide powder, roughly 50mg of both the carbon and the PVDF 
binder were added. The total material was combined with N-Methyl-2-pyrrolidone (NMP) to 
form a smooth consistent slurry. The slurry, then pasted onto a thin aluminium foil, is evenly 
distributed using a razor blade as per Fig. 12. 
With the cathode pasted onto the foil, it is placed into a vacuum oven where is it left 
overnight at 60 °C as seen in Fig. 13. 
Figure 13 Vacuum oven at 60 °C 
Figure 12 Evenly distributing the cathode 
paste onto an aluminium current collect 
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Once removed from the vacuum oven, the dried foil is cut into 10 mm diameter pieces for 
assembly into the sample battery. Each sample was weighed before creating the battery. Fig. 
14 displays the assembly order for a typical battery cell. Typically, each cell is assembled and 
crimped within an MBraun Unilab argon-filled glove box using a hydraulic crimping device 
at 1000 psi. Lithium Hexafluorophosphate (liPF6) dissolved in an organic solvent mixture of 
ethylene carbonate (EC) and dimethyl carbonate (DMC) was used as the electrolyte, with 15 
𝜇𝜇𝜇𝜇 placed on either side of the separator using an automatic pipette. The electrolyte solution 
was 1 mol/L. 
With the battery completely assembled the call testing was undertaken using the LAND 
battery testing system, whilst impedance was tested by the VSP biologic potentiostat. The 
LAND system was configured with a 5 mA current and a voltage testing range of 3 – 4.2 V. 
The impedance testing software was set up to test 0.1 – 100k Hz at an amplitude of 5 mA.  
Figure 14 Battery Assembly Order 
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4. EXPERIMENTAL RESULTS
4.1. Battery Dismantling
The voltage of each battery was taken via a voltmeter as seen in Fig. 15, to determine the 
level of charge remaining, before dismantling.  
Typically, fully discharged lithium-ion batteries contain all the lithium-ions within the 
cathode material, however the battery voltages observed in Fig. 15, are observed well below 
the discharge range. As each battery originated from an iPhone, initially a 3.7 V LiCoO2 
battery, the typical end-of-discharge range is from 2.8-3.0 V (Cadex 2018). Therefore, 
voltages reading below the specified range are presumed to be ‘permanently dead’. Batteries 
below the acceptable range provide a challenge due to the uncertainty of what percentage of 
the lithium remains in the cathode and anode material. As the batteries have not undertaken a 
deep discharge cycle there is no way of determining if all of the Li+ have been removed from 
the anode or the cathode at the time of dismantling.  
Due to the battery containing a polymer, rather than a complete liquid electrolyte, the casing 
was in fact a vacuum-sealed plastic. Protruding from the bottom of the casing was two metal 
current collects, providing the battery with a connection to the iPhone. The electrolyte, 
depending on the battery, had varying degrees of liquid remaining with some expelling strong 
odours potentially due to the residual sulphur. Each battery was carefully handled in a fume 
Figure 15 Battery Voltages - taken before unwrapping 
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hood due to the uncertainty of the existing electrolyte, however with most fairly dehydrated it 
ensured the battery was less combustible. Fig. 16 displays an iPhone battery completely 
unwrapped with each layer laid out from top to bottom. Each battery was packed in exactly 
the same manner with an aluminium foil, coated with a LiCoO2 (LCO) cathode paste on top. 
However, each battery had a varying degree of LCO remaining on the foil – with little 
remaining in Fig. 16. Packed between the aluminium and copper foils was a thin polyolefin 
membrane – the separator – pasted with LCO on the top and graphite, from the copper foil, 
underneath. As such the copper foil, pasted with a graphite anode on either side, was similar 
to the aluminium foil in the fact that the remaining graphite paste left on the foil was scarce. 
Visible in Fig. 16, both the top and bottom separators retained most of the cathode and anode 
paste. The bottom separator was in stark contrast with the other with graphite pasted on top 
and a LCO layer pasted on the underside.  
With the majority of the material needed for leaching, securely bonded to each separator, two 
methods were identified to test the leaching efficiencies of the various acids. As per the 
methodology, described previously, a scraping technique collected LCO and graphite samples 
from the respective foils as well as the separators. Due to the delicate nature of each layer this 
method was extremely tedious, taking several hours and producing minimal results. As a 
result of this the following amounts of each the LCO and graphite were collected: 
• LCO – 7.060 g
• Graphite – 7.606 g
Figure 16 Completely unwrapped Li-ion Polymer iPhone Battery 
Aluminium Foil  Top Separator   Copper Foil  
Bottom Separator  
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4.2. Initial SEM-EDS Analysis 
Small samples of each battery were analysed under vacuum conditions in the SEM-EDS to 
determine the elemental composition of each sample. The results that returned confirmed 
initial thoughts about the structure and layering of an iPhone battery.  
Fig. 17, displays the SEM images captured on both sides of the aluminium foil, from a single 
iPhone battery.  As confirmed, the crystalline structure of the lithium cobalt oxide consists of 
various sized particles. These granular particles, slowly worn down over time, are due to the 
continuous charging and discharging of an iPhone battery. As a battery is charged and 
discharged the volume of the LCO fluctuates causing expansion and then pulverization of the 
grains. This degradation, along with the battery being completely exhausted are key to the 
formation of grain boundaries present in Fig. 17 (A) and (B). The corroded particles ensure 
that higher quantities of cobalt can be leached from the sample, in part due to these grain 
boundaries, ensuring accessibility.  
Further elemental composition analysis of the sample is undertaken via the EDS component 
of the microscope. Fig. 18 takes the image from Fig. 17 (A) and provides a qualitative 
analysis on the sample delineating the presence of each element. As suggested, numerous 
metallic elements are present in the sample with the main metal identified as cobalt. Cobalt, in 
a conventional Lithium Cobalt Oxide, forms roughly 60 wt.% of the compound with the 
(B) (A) 
Figure 17 Images of the SEM analysis of the Aluminum Foil at a magnification of 500x: (A) Top Side- LCO; (B) 
Underside - LCO
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remaining 40 wt.% consisting of a combination of lithium and oxygen. However, with 
performance key in the battery industry various other elements such as aluminium and nickel 
are present. The lithium present in the sample cannot be captured by the EDS spectra due to 
its extremely low atomic energy. As such, the large amounts of orange areas scattered 
relatively evenly throughout the spectra window is a combination of the aluminium and 
oxygen. The detection of aluminium is down to the performance doping introduced by 
manufacturing companies as well as the backing foil in which the LCO is pasted, hence being 
able to disregard it during further analysis. 
Although the EDS cannot fully determine whether lithium is present in the sample, the 
presence of phosphorus suggests that small lithium amounts remain. The phosphorous, small 
green specs visible in Fig. 18 form part of the high-grade lithium salts, lithium 
hexafluorophosphate (LiPF6), dissolved into an organic solvent forming the electrolyte.  This 
electrolyte aids the travel of lithium ions travel between the cathode and anode, hence 
calculating the charge of the battery may lead to highlighting where the majority is currently 
located. However, as mentioned previously the batteries were beyond the discharge range, 
deeming them ‘permanently dead’, providing no guide to the level of remaining lithium-ions 
in the cathode.  
Figure 18 EDS analysis of the topside of the aluminium foil 
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Fig. 19 (A) and (B) depicts either side of the copper foil layer of the lithium cobalt oxide 
phone battery, clearly displaying a pasted layer of the graphite anode. Fig. 19 (A) has a 
significantly depleted pasting of the graphite clearly seen by the stark contrast in colour 
between the graphite and background. These bright areas, identified in Fig. 20 as copper, 
occur from the energy level difference in the graphite and copper. Copper, having a much 
higher atomic number than graphite (carbon), absorbs more electrons from the initial beam 
and as such less are reflected whilst creating the image. This phenomenon is occurring due to 
the paste on the topside remaining tightly bonded with the separator rather than the topside of 
the copper. However, Fig. 19 (B) portrays a vastly difference picture as the carbon anode 
paste remains fully intact within the area of analysis. The topography displayed here is typical 
of an anodic graphite paste being formulated and spread across the copper foil. The paste is 
briefly smoothed before being dried at temperatures around 100-120°C, providing the 
presence of these grain boundaries.  
Fig. 20 highlights an example, whereby the EDS does not completely use the qualitative 
elemental analysis to its full potential. Although the correct elements have been identified, the 
accuracy of the analysis is lacking, with several large quantities of carbon not detected in the 
left half of the examination window. With strong evidence supporting the placement of the 
cathode and anode paste within the battery via the SEM-EDS the recovered samples were 
(B) (A) 
Figure 19 Images of the SEM analysis of the Copper Foil at a magnification of 500x: (A) Top Side - Graphite; (B) 
Underside - Graphite
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labeled accordingly and sent to the ICP-OES to provide a full breakdown of the quantitative 
elemental analysis.   
4.3. Initial ICP Analysis 
Samples of lithium cobalt oxide and graphite were carefully removed from the aluminium and 
copper foils respectively. This recovered material provided the initial samples for ICP 
analysis and labelled as either graphite or lithium cobalt oxide - as seen in Table 6. It is 
important to note that due to the delicate nature of each foil the entire pasted material was not 
gathered and rather a suitable amount appropriate for ICP and leaching testing was gathered. 
Table 6 Initial sample weights issued to the ICP-OES 
Battery Sample Label Total Sample Weight -inc. 
Container (mg) 
Sample Weight – 
ex. Container (mg) 
1 Graphite 1 Top 536.85 208.53 
LCO 1 Separator Top 758.13 429.81 
Separator 2 top 411.10 82.780 
2 LCO sample 2 604.47 276.15 
Graphite sample 2 551.81 223.49 
Graphite sample 2 574.08 245.76 
Figure 20 EDS analysis of the topside of the Copper foil 
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Table 7 provides a summary of the results obtained from initial ICP testing. The ICP provided 
quantitative elemental compositions not possible by the SEM-EDS. An extensive version of 
Table 7 is provided in Appendix 1. 
Table 7 Initial ICP-OES quantitative elemental results 
Al 
(mg/kg) 
Co 
(wt%) 
Cu 
(mg/kg) 
Fe 
(mg/kg) 
Na 
(mg/kg) 
S 
(mg/kg) 
Si 
(wt%) 
Li 
(wt%) 
Average 
LCO 
475.7 59.4 87.6 48.0 657.2 384.2 1.6 3.7 
Average 
Graphite 
131.4 7.2 201.9 66.2 204.2 2147.2 0.5 2.0 
Adj. Avg. 
Graphite 
139.5 0.2 231.1 45.8 252.0 2816.4 0.6 1.8 
Table 7 provides strong evidence to suggest that in fact the material pasted onto the 
aluminium foil was precisely the lithium cobalt oxide layer. A perfect composition of this 
material suggests a 7:60:33 elemental split between lithium:cobalt:oxygen. The results from 
Appendix 1, averaged out in Table 17, provide a 59.4 wt% of cobalt present in the LCO layer 
highly correlating to the ideal elemental ratio of lithium cobalt oxide. However, as seen in the 
‘Average Graphite’ data row a considerable amount of Cobalt is present - on average - across 
the samples. An anomaly in the samples provided, explains a large portion of this spike with a 
potential contamination of samples the likely cause as seen in Table 16, Appendix 1. This 
small percentage of cobalt, present in the graphite sample, is attributable to the cross 
contamination of the samples throughout the extraction process as well as the doping 
undertaken by battery manufactures to enhance a battery’s attributes. As such an ‘Adjusted 
Graphite’ data set, removing outliers, produces results consistent with that of traditional Li-
ion batteries, revealing just 0.2 % Co in the graphite sample.  
With the oxygen component of the lithium cobalt oxide not detectable though an ICP-OES 
analysis, lithium remains the final element of interest. Due to the tested battery voltages being 
below the acceptable discharge range it is difficult to determine exactly what component the 
lithium resides in. Typically, 7 % of the lithium cobalt oxide comprises of lithium, however 
with lithium ions continuously travelling between the cathode and anode, depending on the 
charge state, a value anywhere between 3.5-6.5 % is deemed reasonable. It is also appropriate 
to note that as the entire battery was not sampled lithium may be residing in the remaining 
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untouched material. As per Table 7, the total lithium detected by the ICP ranged from 5.5-5.7 
%, presenting strong evidence to support that each iPhone battery used close to the ideal 
weight ratio. However it is commonly known that individual elements are never 100% pure 
allowing scope for the minor percentage differences in the results. These initial ICP results 
provided the benchmark for analysis of the leaching methods and determining subsequent 
efficiencies. 
4.4. Hydrometallurgy Lab Observations 
With initial ICP results recorded and analysed, various acid leaching experiments were 
completed determining the most efficient leaching agent. The goal was to extract as much 
cobalt as possible from both the recovered powdered sample as well as individual battery 
panels. 
As the leaching solutions were added to each sample the following observations were 
recorded, seen in Table 8. Note the weights present in Table 8 are sample weights prior to 
addition of the leaching agents. Initial reactions coincide with theoretical principles as the 
acidic solutions require both time and heat to begin the dissipation process with no notable 
reactions occurring. As the reducing and oxidizing agents were introduced some minimal 
bubbling took place on the surface of the panel samples. This bubbling was more likely due to 
a reaction between the polyolefin separator membrane and the acid rather than the lithium 
cobalt material itself.  
Table 8 Initial acid-sample reactions 
Sample Weight (mg) Acid Observations 
Powder 1 501.73 H2SO4 • Initial reaction however cleared quickly
• Small bubbles
Powder 2 500.03 H2SO4 + Na2S2O5 
(SMBS) 
• Similar to above
• Cloudier due to SMBS
Powder 3 500.32 H2SO4 + Na2S2O8 
(SPDS) 
• Similar to sample 2 with cloudy layer
Powder 4 501.10 HCl • Cloudy initially but cleared quickly
Blake Dykes - 
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Panel 1 744.45 H2SO4 • Very Minimal reaction
• Small bubbles rose to the surface
Panel 2 766.38 H2SO4 + Na2S2O5 
(SMBS) 
• Similar to above with only small bubbles
around the surface
Panel 3 714.27 H2SO4 + Na2S2O8 
(SPDS) 
• Bubbling around the panel sample
• Eating of the separator
Panel 4 792.93 HCl • Nothing significant to note
Whilst in the shaker table, several key observations were taken that began to highlight the 
effects of using different leaching agents. After roughly one and half hours observations 
revealed that the solid panel solutions were a visibly darker red than that of the powdered. 
Each panel had also begun to twist itself into a coil within the vial due to the shaker table’s 
rotation. It was noted that the powdered samples, in which had not been ground into a fine 
powder prior to leaching, were slowly being disintegrated as the solution colour seemingly 
darkened in colour. 
Table 9 Observations recorded during the vacuum filtration process 
Samples Powder Sample Solid Sample 
1. H2SO4 • Easily damaged when removing from
filter
• Solid was not easily removed from
the container into the filter system
• Pink Solution – quite clear
• Easy to filter – however still had
small pieces floating in it
• Sample remained similarly coated to
initial state
• Darker pink than sample 1-powder
2. H2SO4
+ SMBS
• Quicker than sample 1-powder to
filter
• Powder easily drained from vial
• Pink solution more than other powder
samples
• Strong small and a dark red colour
• Stronger red than 2-powder
• Fair bit left on the filter that was not
dissolving
• Panel had lots of solid removed
3. H2SO4
+ SPDS
• Filter did not fall apart easily, easy to
remove
• Slightly pinker than sample 1-powder
– still quite clear
• Easily filtered
• Identical colour to sample 3-powder
• Foil curled into a roll
• Not a lot remained on the filter
Blake Dykes - 
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4. HCl • Filter easy to remove
• Quick filtration
• Clearest solution – tinges of black
• Similar colour to sample 4-powder
• Quite clear
• Not a lot remained on the filter
Table 9 provides the observations recorded throughout the vacuum filtration process 
regarding each sample’s final solution colour as well as its filtering ability. Vacuum filtration 
is an efficient and effective process used to ensure that any remaining solid samples are 
removed from the acidic solution. These acidic solutions are then used for ICP testing, 
determining elemental composition, as well as for the precipitation of the leached cobalt.  
Fig. 21 displays the final leached solution of the powdered and panel samples. From a visual 
analysis, seemingly the darker the solution the more cobalt present. However as mentioned 
previously the red colouring is only brought about by the Co(II), thus commenting based on 
the sample colour is inaccurate. Although, in conjunction with assumptions made, the 
reducing agent – sample 2 – had the darkest solution as this reduces the oxidation state of the 
cobalt.  
A pH level of each sample was taken once the vacuum filtration was completed to identify the 
changes in acidity of the respective solutions. Before leaching commenced the pH of each 
acid was measured as follows: H2SO4 – 0.99 pH; HCl – 0.82.  
(A) (B) 
1 2 4 3 1 2 3 4
Figure 21 Final leached solutions of the samples from sample 1 -4 (Table 9) from left to right: (A) powder solutions; 
(B) panel solutions.
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Table 10 pH and ORP levels recorded after leaching 
Sample pH Level ORP (mV) 
Powder 1 1.16 520.7 
Powder 2 1.51 221.8 
Powder 3 1.13 957.0 
Powder 4 0.98 348.6 
Panel 1 1.09 476.2 
Panel 2 1.73 219.0 
Panel 3 1.07 630.0 
Panel 4 0.92 463.2 
Table 10 displays the pH and ORP levels of each sample after the acid leaching was 
completed. Each sample increased in pH suggesting that the strength of the acid weakened. 
These pH levels are important for the precipitation of the cobalt with the pH value increasing 
depending on the level of cobalt in the solution. This consumption of the LCO material by the 
acid means that oxygen levels are increasing and as such the material is forming a hydroxide 
with the acid. 
Finally, the oxidation reduction potential (ORP) determines the substances capability of 
oxidizing or reducing another substance. The higher the ORP the more oxidizing it is. As such 
the results seen in Table 10 are consistent with theory as the samples with the reducing agent 
have the lowest readings with the oxidizing agent samples producing higher readings.  
4.5. Post-Leaching SEM-EDS Analysis 
Fig. 22 provides various images taken from the dried powder sample after the vacuum 
filtration process. These microstructures provide an initial qualitative summary of the 
efficiency of each leaching agent. Fig. 22 (A) suggests that sulphuric acid alone is not 
effective enough to breakdown the larger cobalt particles, however the finer grains present in 
Fig. 17 (A) were completely dissolved. This inability to dissolve larger grains of cobalt oxide 
highlights the need for either additional agents or a change in the acid itself.  Fig. 22 (B) 
emphasizes the significance of using a reducing agent, sodium metabisulfite (Na2S2O5 –
SMBS), to diminish the cobalt’s oxidation state from Co3+ to Co2+ through the transference of 
an electron. This reduction provides the sulphuric acid the ability to breakdown the cobalt 
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more effectively, proving consistent with the red colouring present in Fig. 21. Similarly, the 
addition of an oxidizing agent - sodium persulfate (Na2S2O8 – SPDS) - aided in the 
dissolution of the cobalt oxide compounds. However, as highlighted in Fig. 22 (C) the 
dropping of an electron from the cobalt state does not have the same impact as a reducing 
agent. Although it enhanced the base sulphuric acid, the slightly larger size particles remain 
intact.  
(A) (B) 
(C) (D) 
Figure 22 SEM images captured at 500x magnification of the solid powdered samples after leaching: (A) H2SO4; 
(B) H2SO4 + SMBS; (C) H2SO4 + SPDS; (D) HCl.
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Fig. 22 (D) is a result of determining whether completely changing the acid would affect the 
leaching efficiency. Hydrochloric acid subsequently replaced sulphuric acid, with the SEM 
images underlining the fact that from a microscopic view the sulphuric acid was more 
effective. This inability to break down the LCO particles any better than the sulphuric acid 
combined with the increase in price for hydrochloric acid suggests that adapting the sulphuric 
acid with various additional agents may be more beneficial to increase the leaching efficiency. 
A full breakdown of each sample from both the powdered and panel solutions are provided in 
Appendix 3.  
Fig. 23 displays the EDS elemental mapping from Fig. 22 (B), using a leaching agent of 
sulphuric acid with sodium metabisulfite. The mapping confirms the large remaining grains to 
be the cobalt oxide compounds with the majority of the dark wash between them as the 
sulphuric acid. Identifying the sulphuric acid in these mapping images confirms that large 
portions of the cobalt have been dissolved by the leaching agent and the addition of the 
reducing agent is highly effective. The effectiveness of the reducing agent is more evident in 
Fig. 24, which provides the mapping of the panel sample using sulphuric acid and an 
oxidizing agent. Large quantities of cobalt are detected, seen by the volumes of red, with only 
a small sulphur spec visible, in blue. This lack of sulphur suggests that without the reducing 
agent decreasing the oxidation state of the cobalt, the sulphuric acid has a difficult time 
eroding the larger particles. 
Figure 23 EDS analysis of panel sample 2 
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(A) (B) 
(C) (D) 
Figure 25 SEM images captured at 500x magnification of the panel samples after leaching: (A) H2SO4; (B) H2SO4 + 
SMBS; (C) H2SO4 + SPDS; (D) HCl.
Figure 24 EDS analysis of panel sample 2) 
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Figure 26 EDS analysis of panel sample 2 
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Fig. 25 presents the SEM micrographs of the panel samples following the acid leaching 
process with Fig. 25 (B) providing vastly different results to those from Fig. 22. The image 
produced appears to have more resemblance to the graphite anode microstructure than the 
cathode cobalt oxide. Cobalt particles of all sizes appear to be relatively dissolved with the 
sulphuric acid seemingly covering the remaining particles. Further analysis with the EDS, 
seen in Fig. 26, appear to show large quantities of cobalt oxide present on the panel. In 
comparison to powder samples shown in Fig. 22 (A,C,D) the panel samples from Fig. 25 
(A,C,D) appear to have very little breakdown of the cobalt oxide. Even the smaller particles 
remain relatively intact with very minimal amounts of each leaching agent present in the SEM 
images. This apparent lack of particle breakdown suggests that from a qualitative standpoint, 
removing the paste from the respective foil is much more efficient than simply sampling 
battery panels. Although image (B) in both Fig. 22 and 25 suggests that the addition of a 
reducing agent can easily affect any sample.  
Fig. 26 describes the elemental mapping from the panel sample of Fig. 25 (B) – sulphuric acid 
and the reducing agent. As per the mapping large amounts of cobalt oxide are deemed to be 
present within the sample. However, as seen in Fig 25, the topography of this sample is vastly 
different to that of the remaining leaching samples. As such it is important to analyse the 
mapping spectrometry plot.  
Seen in Fig. 27, the EDS spectra shows the small peak highlighted as cobalt, to be rather 
insignificant in comparison to the unidentified peak between 2.3-2.5 keV. This identification 
error suggests that there is sufficient evidence that the large amounts of cobalt displayed in 
Fig. 26 are not accurate. In fact the large unidentified peak, recognized as sulphur, is 
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Figure 27 EDS Spectra analysis of panel sample 2 
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determined by pinpointing the element with an electronegativity around 2.5 keV. This large 
peak in sulphur is consistent with the leaching agent used - sulphuric acid with sodium 
metabisulfite. Identification errors, such as this one, are extremely common in elemental 
mapping analysis as the user has the ability to select elements they are willing to show 
without identifying all the correct elements. 
4.6. Post-Leaching ICP Analysis 
Table 11 provides a summary of the ICP results obtained from the acid leaching samples. A 
test of the sulphuric acid and the hydrochloric acid were undertaken to act as a benchmark for 
sulfur, cobalt and lithium levels.  
Table 11 Acid leaching ICP results 
Sample 
Al 
(mg/L) 
Co 
(mg/L) 
Cu 
(mg/L) 
Fe 
(mg/L) 
Na 
(mg/L) 
S 
(mg/L) 
Si 
(mg/L) 
Li 
(mg/L) 
H2SO4 0.16 0.11 0.01 0.09 0.15 567.31 0.21 0.02 
HCl 0.11 0.08 0.01 0.07 0.26 0.09 0.18 0.02 
Powder 1 3.14 132.37 3.76 0.06 1.05 587.25 0.42 40.15 
Powder 2 3.63 391.77 4.47 0.01 496.52 1112.08 0.35 51.49 
Powder 3 2.10 134.27 4.71 0.14 405.42 1129.79 0.59 37.94 
Powder 4 2.91 129.27 3.08 0.04 0.67 0.89 0.44 38.15 
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Figure 28 Cobalt extracted from each of the leaching samples 
Panel 1 1.66 95.05 0.09 0.11 1.07 592.26 0.29 24.47 
Panel 2 1.17 307.07 0.07 0.03 497.92 1073.96 0.25 26.87 
Panel 3 0.87 98.00 0.03 0.04 408.12 1138.39 0.31 23.78 
Panel 4 2.64 91.98 0.03 0.04 0.60 0.26 0.32 22.95 
Fig. 28 plots the quantity of cobalt dissolved during the acid leaching process from the results 
in Table 11. The blue values are those of the powdered sample with the red being the panel. 
On average, the powdered samples had 36.1 % more cobalt extracted than the panel samples. 
This increase can be down to several factors with the most notable being the kinetics of the 
experiment. With the powder being removed from the separator the acid had contact with a 
larger surface area of each cobalt oxide particle, allowing a significantly larger amount of the 
cobalt to be dissolved in the acid solution. This was further amplified by the shaker table 
actively thrusting the powder from side-to-side within the vial, whilst the panel remained 
relatively stationary under the same conditions. The addition of the reducing agent drastically 
improved the amount of cobalt leached from both samples, as seen in Fig. 28. The powder 
and panel samples had a 196.86 % and 223.19 % increase in cobalt quantities respectively 
over the other solutions. This vast improvement is simply down to the reducing agent 
providing an extra electron to the cobalt oxide, thus reducing it from Co3+ to Co2+. This 
reduction, as mentioned previously allows the acid solution to breakdown the cobalt more 
effectively.  
However, Fig. 28 merely analyses the leaching quantities of each of the samples. As such 
Table 12 has the cobalt extraction efficiencies of each of the powdered samples. The 
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efficiencies of the panel samples are unable to be accurately calculated as the exact amount of 
LCO and graphite paste in unknown. The efficiencies calculated in Table 12 are extremely 
low with all of them being under 6.5%. Such low efficiencies can be explained by several 
factors however it is impossible to pinpoint exactly where in the process adaption need to be 
made. 
Table 12 Cobalt Extraction Efficiencies 
Sample Efficiency (%) 
Powder 1 2.18 
Powder 2 6.46 
Powder 3 2.22 
Powder 4 2.13 
4.7. New Battery Analysis 
Using the recovered lithium cobalt oxide, from the original iPhone battery, two cathode pastes 
were produced one ratio with additional carbon (Super P) and one without. The mass of each 
of the five battery’s cathode and active material is seen in Table 13. The mass of the 
aluminium foil was average at 3.49 mg – deducted from the total mass. 
Table 13 Cathode and Active Material Mass 
Sample 
Total Mass 
(mg) 
Cathode Mass 
(mg) 
Active Material 
(mg) 
Super P 1 14.13 10.64 8.51 
Super P 2 14.64 11.15 8.92 
Super P 3 13.42 9.93 7.94 
Super P 4 13.35 9.86 7.89 
Super P 5 14.20 10.71 8.57 
Non-Super P 1 12.32 8.83 7.06 
Non-Super P 2 18.47 14.98 11.98 
Non-Super P 3 14.86 11.37 9.10 
Non-Super P 4 19.40 15.91 12.73 
Non-Super P 5 18.03 14.54 11.63 
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Electrochemical impedance spectroscopy (EIS) is a categorization tool used to analyse 
physical and electrochemical processes within secondary batteries. Fig. 29 displays the 
impedance data from the batteries created and tested. Calculated from the plots are the series 
resistance (Rs) and the charge transfer (RCT). For the data set plotted with super P a Rs ~ 8 
𝑜𝑜ℎ𝜇𝜇𝑚𝑚 was  det ermined wit h the  RCT ~ 100  𝑜𝑜ℎ𝜇𝜇𝑚𝑚. Conver sely, the da ta f or th e ba tter y cell 
without super P provides much larger resistances; Rs ~ 15 𝑜𝑜ℎ𝜇𝜇𝑚𝑚, RCT ~ 393  𝑜𝑜ℎ𝜇𝜇𝑚𝑚. This 
shows that the non-super P batteries do not contain enough carbon, which acts as a conductor 
for the electric energy in the cell. The addition of super can reduce the charge transfer 
resistance by 74.55%, helping to operate at a more functional level.  
Figure 29 Average Impedance plot across the 5 Batteries 
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Figure 30 Oxidizing and Reducing Agent reactions 
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5. DISCUSSION
The objective of this thesis investigation was to identify the precious metals within various 
lithium-ion phone batteries and provide some solutions for recycling them. The investigation 
wasn’t without setbacks with some areas not providing warranted results, however the 
following highlights the areas of improvement required.  
5.1. Oxidation States 
Oxidants and reductants are often used to transfer electrons between the reactants in a 
chemical reaction.  An oxidizing agent will typically gain an electron, as such reducing the 
oxidation state of the agent. Comparatively, reducing agents lose an electron hence increasing 
its oxidation state visible in Fig. 30.  
In conjunction with Table 11, Fig. 31 shows strong evidence to suggest that larger amounts of 
Co (II) have been extracted in the samples using the sulphuric acid alongside a reducing 
agent. The red colour, brought about by the high quantities of Co (II) dissolved into the 
solution, suggest that this leaching agent was the most efficient, seen in Fig. 31 from a 
qualitative perspective. The reducing agent, sodium metabisulfite (Na2S2O5), actively 
diminishes the cobalt oxide from a Co3+ to Co2+ allowing the sulphuric acid to break down the 
atoms more effectively. This occurrence, seen in both the powder and panel samples, provides 
a dark red solution differing from those without the reducing agent. Furthermore, the 
powdered samples appear marginally darker than the panel samples, in part due to the acid 
covering a larger surface area of the lithium cobalt oxide solid. Thus, dissolving a higher 
percentage of Co (II) into the solution. It is important to note that the oxidizing agent 
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subsequently added an electron to the cobalt hence increasing the oxidation state. This did not 
have much effect on the leaching ability with results highlighting that efficiencies were 
similar to that of the H2SO4 and HCl. Clear evidence is also seen as sample 3 in both Fig. 31 
(A) and (B) are extremely close in colour meaning that they have roughly the same quantity 
of Co (II) in the solution as a result of not reducing the cobalt compound.
Although a larger amount the Co (II) may be present in the panel samples, displayed by the 
reddish colour, this does not necessarily mean that a larger amount of cobalt is present 
overall. This is down to the various oxidation states of cobalt present within the sample. 
5.2. Lithium Extraction 
Although the main aim of this recycling process was to provide a solution for the successful 
leaching of the cobalt from the exhausted batteries, an analysis of the lithium extracted was 
completed.  Fig. 32 plots the quantity of lithium that was extracted during the acid leaching 
process. The quantities leached are considerably lower than the amount of cobalt leached, 
however this is due to the initial amount of lithium in the samples to begin with.  
Figure 31 Final leached solutions of the samples from sample 1 -4 (Table 19) from left to right: (A) powder solutions; 
(B) panel solutions.
(A) (B) 
1  2  4  3  1  2  3  4  
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Determined from the initial ICP test results in Table 7, the average amount of lithium in the 
LCO material was 3.7 wt% - corresponding to roughly 18.5 mg per 500mg sample. Using this 
value as well as the values gathered from the ICP post leaching in Table 11, the efficiency of 
lithium extracted is seen in Table 14. As per the cobalt leaching results, the introduction of the 
reducing agent increased the lithium extracted from the sample with the remaining samples 
having roughly the same level of efficiency ~ 10%. Hence, from these results it is conclusive 
to suggest that neither the cobalt nor the lithium has been efficiently leached from either the 
powder or panel samples. 
Table 14 Efficiency of lithium extracted 
Sample Efficiency (%) 
Powder 1 10.63 
Powder 2 13.64 
Powder 3 10.05 
Powder 4 10.10 
Due to the voltages of each battery tested being below the acceptable range it is uncertain as 
to what percentage of the lithium remains in the cathode and anode material. As such, if the 
lithium of the battery was to be an aim of the recycling process then, similarly to the recupyl 
method, the entire battery would be placed through the leaching process. This would ensure 
that the total amount of lithium is leachable. 
Figure 32 Lithium extracted from each of the leaching samples 
Blake Dykes - 
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5.3. Efficiency Analysis 
In comparison to the efficiencies from (Chagnes and Pospiech 2013), the results in Table 12 
and 14 greatly differ. These significant differences in the cobalt and lithium leaching 
percentages can be attributable to several key factors. One of the major factors is the molarity 
of the acids used. Sample 1 on both the panel and powdered samples used a 0.0094 mol/L 
H2SO4 solution with calculations provided in Appendix 4. The strength of this solution is then 
approximately 220 times less than that of the 2 mol/L H2SO4 solution in Table 15.  
Similarly to the H2SO4, the use of 4 mol/L HCl provided efficiencies of roughly 100% as per 
Table 24. However, due to limitations and restrictions with the laboratory a solution of 0.048 
mol/L HCl was used for leaching purposes. This solution is roughly 84 times less than the 
concentration of the reagent used in Table 24. 
These extremely low concentrations significantly reduce the rate of reaction. This 
phenomenon is described by the collision theory of reaction rates. When two species of 
particles are present the only way they may react is when they come into contact with one 
another – collisions. However, two species colliding won’t always react as the collision must 
have the correct orientation and enough activation energy for the bonds to break. As the case 
for lithium cobalt oxide, the bonds between cobalt and oxygen are extremely strong, meaning 
that in order to increase the chances of particle collision higher a concentration acid is needed. 
If the particles collide without the required amount of activation energy nothing of note will 
occur, highlighting that not only the concentration of the acid is important but the 20 °C 
difference in temperature can affect the bond-breaking process.   
Although increasing the concentration can sometimes have little to no effect, due to the small 
amount of solid catalyst, the concentration of the acid used must be increased. Increasing the 
acidity of the leaching solutions may be difficult, as a solution of 0.5 mol/L means that 49 mL 
of H2SO4 or 18.2 mL HCl would be diluted in a 50 mL solution. These solution strengths are 
possible, however in the current laboratory conditions are not viable.  
Table 15 Relevant comparison reagents from Table 15 
Leaching Reagent Temperature (°C) Efficiency (%) 
2mol/L H2SO4 80 Co > 99 
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Li > 99 
3mol/L H2SO4 70 Co = 98 
Li = 98 
4mol/L HCl 80 Co ≈ 100 
Li ≈ 100 
Source: (Chagnes and Pospiech 2013) 
5.4. New Battery Analysis 
Due to these extremely low efficiencies the ability to create a new battery was severely 
hindered with not enough material able to be precipitated out of the acid solution. Time 
constraints along with the lack of material meant a new battery was created using the 
recovered material originally gathered from the exhausted lithium-ion batteries. The 
impedance is a strong function of the potential of a cell and is a direct result of the 
microstructure of the cathode rather than that of the charge transfer resistance (EROL 2015). 
The charge transfer resistance, calculated as 100 ohms for the super P and 393 ohms for non-
super P cells, is the resistance created by the transfer of electrons within a redox reaction.  
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Typically, an LCO battery will provide an impedance plot like Fig. 34 for the various voltage 
tests between 3 – 4.2 V. In comparison Fig. 33, displays a similar style curve.   
The plot of the non-super P LCO in Fig. 42 is must larger than that of the super-P LCO. This 
is due to the additional carbon in the super P sample. The additional carbon allows the lithium 
ions to flow between the cathode and the anode via the electrolyte. The aided flow means that 
there is less charge transfer resistance present in the battery without super P.  As such, a large 
RCT means that the battery is not operating at its maximum capacity due to undue resistance. 
5.5. Limitations & Recommendations  
One of the key setbacks within the experimental process was the analysis of the test samples 
completed by the ICP-OES. The time taken for the samples to be tested and results returned 
was extremely lengthy often taking up to 2 months. Such a delay in the schedule meant that 
initial amounts of both the cobalt and lithium were unable to be provided. Not having this 
data meant that the acid leaching phase was delayed meaning that a comprehensive testing 
program was unable to be achieved. As such, only various acids and respective agents were 
tested to produce the results. For future reference, finding an alternative method of 
determining quantitative elemental compositions would be worthwhile.  
Figure 34 Impedance response in Nyquist format for a LiCoO2 |C coin cell under normal (EROL 
2015) 
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Although an SEM-EDS was used in the interim to determine the elements present within the 
sample, the lack of accurate quantitative results meant that further options should be explored. 
The EDS within the SEM also came with other various drawbacks. This included the inability 
to detect lithium in samples due to its extremely low electronegativity and it being below that 
of x-ray’s range. It also posed a problem testing the leaching solution as it only has the 
capability of analyzing solid materials not aqueous solutions. 
Without these results extraction efficiency calculations would not be possible. A potential 
solution to this would be the Atomic absorption spectroscopy (AAS). The AAS uses the 
absorption of optical radiation via the free atoms within the gaseous state to provide a 
quantitative analysis of the elements. This method however has one drawback being that 
whilst a specific bulb exists for the detection of cobalt, there was not one in the laboratory for 
lithium. As the main aim of this recycling process was to extract the cobalt, the use of an AAS 
would have been a quick and easy method to measure the cobalt quantity. 
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6. CONCLUSION
Lithium-ion batteries are one of the most commonly used secondary batteries in existence. 
They are heavily relied upon in the handheld industry, with the introduction into electric 
vehicles industry imminent. As such, predictions that the global market of lithium-ion 
batteries will significantly increase by 2020 to $30 billion are proof enough that a recycling 
process is warranted (Taiyou Research 2014).   
With extensive amounts of research completed on current lithium-ion battery recycling 
around the world, an experimental technique was developed as detailed in the methodology 
section that aimed to demonstrate a new recycling process. The solely hydrometallurgical-
based process incorporated several key components from various techniques including battery 
dismantling, acid leaching and the creation of new batteries. 
Whilst the battery dismantling was completed in safe conditions through voltage detection 
and unwrapping within a fume hood, SEM-EDS analysis was done to confirm on a qualitative 
level the chemical composition of each battery. As several iPhones were opened, the 
composition was confirmed for each as Lithium Cobalt Oxide (LiCoO2). Cobalt being the 
precious metal in this composition meant that further analysis was done to determine 
quantitatively the amount to be recycled.  
Research lead to the choice of Sulphuric (H2SO4) and Hydrochloric Acid (HCl), acting as the 
base leaching reagents with a further reducing and oxidizing agent incorporated in the 
sulphuric acid. These 4 solutions would be tested on a powdered lithium cobalt sample 
recovered from the battery itself as well as one of the 4cm panels. The results provided 
varying degrees of success with the leaching efficiencies in particular being extremely low.  
With efficiencies well below 15 % for both the cobalt and lithium the precipitation methods 
were unable to be undertaken, hence the new batteries were formed using the recovered 
material from the spent lithium ion iPhone batteries. The creation of these batteries provided 
some intriguing results suggesting that the recovered cathode material could in fact make a 
new battery however it required the addition of carbon (Super P). The addition of this carbon 
reduced impedance values by a massive 74.55%, suggesting that the battery cell is far more 
functional. 
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8. APPENDICES
8.1. Appendix 1 
Table 16 Full Initial ICP Results 
Sample 
Al 
(mg/k
g) 
Ca 
(mg/k
g) 
Co 
(Wt 
%) 
Cr 
(mg/k
g) 
Cu 
(mg/kg
) 
Fe 
(mg/k
g) 
K 
(Wt 
%) 
Mg 
(mg/k
g) 
Mn 
(mg/k
g) 
Na 
(mg/k
g) 
Ni 
(mg/k
g) 
S 
(mg/k
g) 
Si 
(Wt 
%) 
Ti  
(mg/k
g) 
Zn 
(mg/k
g) 
Li 
(Wt 
%) 
LCO1 206 18 58.19 6 87 80 1.294 1100 2 745 38 417 0.70 229 4 3.95 
LCO2 745 8 60.52 4 88 16 0.649 2553 5 569 41 351 2.42 506 1 3.50 
Average LCO 475.7 13.0 59.4 4.6 87.6 48.0 1.0 1826.7 3.9 657.2 39.8 384.2 1.6 367.5 2.5 3.7 
Graphite 1-1 215.1 40.3 0.4 2.7 505.0 60.6 0.4 17.0 2.6 413.1 1.1 891.4 1.1 17.4 14.5 1.6 
Graphite 2-1 80.1 11.9 0.1 3.2 87.3 61.1 0.0 0.7 1.2 101.6 13.3 3752.2 0.2 20.5 44.3 1.9 
Graphite 1-2 106.8 45.4 28.4 2.7 114.5 127.5 0.2 618.1 2.3 60.6 31.2 139.7 0.4 139.3 0.8 2.6 
Graphite 2-2 123.4 22.7 0.1 1.4 101.0 15.8 0.2 1.0 0.6 241.4 10.5 3805.5 0.4 20.4 42.2 1.9 
Average Graphite 131.4 30.1 7.2 2.5 201.9 66.2 0.2 159.2 1.7 204.2 14.0 2147.2 0.5 49.4 25.5 2.0 
Adj. Average 
Graphite 139.5 25.0 0.2 2.5 231.1 45.8 0.2 6.2 1.5 252.0 8.3 2816.4 0.6 19.5 33.7 1.8 
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8.2. Appendix 2 
Table 17 Post Leaching ICP results 
Sample Al (mg/L) 
Ca 
(mg/L) 
Co 
(mg/L) 
Cr 
(mg/L) 
Cu 
(mg/L) 
Fe 
(mg/L) 
K 
(mg/L) 
Li 
(mg/L) 
Mg 
(mg/L) 
Mn 
(mg/L) 
Na 
(mg/L) 
Ni 
(mg/L) 
P 
(mg/L
) 
S 
(mg/L) 
H2SO4 0.157 0.139 0.113 0.023 0.008 0.093 0.293 0.021 0.072 0.007 0.148 0.071 0.105 567.310 
HCl 0.108 0.174 0.082 0.015 0.007 0.069 0.300 0.020 0.071 0.006 0.260 0.081 0.119 0.094 
Powder 
1 3.142 0.443 132.373 0.023 3.761 0.056 0.307 40.145 0.137 0.011 1.047 0.129 6.704 587.252 
Powder 
2 3.627 1.207 391.773 0.049 4.472 0.009 0.497 51.490 0.264 0.023 496.524 0.216 6.973 1112.079 
Powder 
3 2.099 0.520 134.273 0.034 4.714 0.145 0.535 37.940 0.171 0.013 405.424 0.119 5.650 1129.786 
Powder 
4 2.909 0.448 129.273 0.038 3.084 0.040 0.171 38.150 0.129 0.012 0.673 0.063 6.808 0.892 
Panel 1 1.656 0.313 95.053 0.029 0.089 0.114 0.168 24.470 0.618 0.010 1.068 0.044 1.002 592.263 
Panel 2 1.170 0.917 307.073 0.029 0.074 0.032 0.474 26.870 1.510 0.013 497.924 0.111 1.053 1073.962 
Panel 3 0.872 0.349 98.003 0.039 0.029 0.036 0.407 23.780 0.608 0.008 408.124 0.071 1.012 1138.385 
Panel 4 2.642 0.286 91.983 0.029 0.029 0.041 0.128 22.945 0.604 0.008 0.599 0.047 1.013 0.262 
Blake Dykes - 
MECH4501 – Engineering Thesis Final Report 59 
8.3. Appendix 3 
Table 18 Full SEM of Leached solids 
Sample 
Label 
Image Information SEM 100x Magnification SEM 500x Magnification SEM 2Kx Magnification 
1 • Fine coarse sample, plenty of
grain boundaries from the
H2S04 breaking down the
Cobalt.
• As magnification increases it
is evident the smaller
particles have been dissolved
by the acid
• The larger particles of LCO
are much more difficult to
break down.
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2 • Darker hollow, shard-like Co
particles.
• As the magnification
increase the less Co in the
sample.
• At 2k magnification there is
minimal Co and can see
mainly the sulphur from the
acid solution
• Use of reducing agent helped
to extract more of the Co.
3 • Oxidizing agent did not
dissolve the Co as well as the
reducing agent used in
Sample 2.
• At 2k Magnification it can
be seen that the larger Co
particles were corroded but
not fully dissolved.
• Large patches of what appear
to be the sulphuric acid in
the background
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4 • Large grains of the cobalt
with large grain boundaries
not broken down
• The black wash is the
chloride from the HCl
• Not very effective as large
amounts of cobalt remain
5 • Large chunks of cobalt are
still present in the panel
sample
• At 2k Magnification it can
be seen that the larger Co
particles were slightly
corroded but not fully
dissolved.
• Dark patches of what appear
to be the sulphuric acid in
the background
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6 • Complete wash of the
sulphuric acid across all
magnifications
• At 2k magnification there is
minimal Co and can see
mainly the sulphur from the
acid solution
• No definitive grain 
boundaries present
7 • Smaller LCO particles were
fully dissolved by the acid
solution but the large ones
still remain
• At 2k Magnification it can
be seen that the larger Co
particles were slightly
corroded but not fully
dissolved.
• Varying and uneven particle
sizes
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8 • Large chunks of cobalt are
still present in the panel
sample
• At 2k Magnification it can
be seen that the larger Co
particles were slightly
corroded but not fully
dissolved.
• Dark patches of what appear
to be the HCL in the
background
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8.4. Appendix 4 – Molarity Calculations 
𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡 𝑜𝑜𝑓𝑓 𝐻𝐻2𝑆𝑆𝑆𝑆4 − 98% ∶ 𝐷𝐷𝑒𝑒𝑒𝑒𝑚𝑚𝑒𝑒𝑡𝑡𝑒𝑒 = 1.84 𝑒𝑒𝑐𝑐𝜇𝜇3
𝑒𝑒𝑓𝑓 0.5𝜇𝜇𝜇𝜇 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 𝜇𝜇𝑎𝑎𝑚𝑚𝑚𝑚 = 0.92𝑒𝑒 
𝑆𝑆𝑜𝑜:𝜇𝜇𝑜𝑜𝑜𝑜 𝐻𝐻2𝑆𝑆𝑆𝑆4 = 0.92 𝑒𝑒 𝐻𝐻2𝑆𝑆𝑆𝑆4 𝑥𝑥 1 𝜇𝜇𝑜𝑜𝑜𝑜 98.08 𝑒𝑒 = 0.009 𝜇𝜇𝑜𝑜𝑜𝑜 𝐻𝐻2𝑆𝑆𝑆𝑆4 
